ABSTRACT:
similar laboratory tests was completed. The simulation results agreed well with the laboratory 23 test results and provided slightly higher shear stresses comparing to the results of in-situ shear 24 tests. The test and simulation results showed that the jointed rock masses exhibited strong 25 anisotropic shear behavior, the significance of which depended on the orientation of 26 continuous joint set. Different failure mechanisms were confirmed in the tested and simulated 27 rock mass models with different geometrical characteristics of rock joints, which resulted in 28 the anisotropic shear behavior.
INTRODUCTION 33
The shear behavior of jointed rock masses is an important issue in rock engineering, 34 especially for the stability of slopes and dam foundations. However, limited cases of in-situ 35 shear tests have been conducted, mainly due to their high costs and technical challenges in 36 implementation (e.g., [1] - [5] ). The shear behavior of closely jointed rock masses is governed 37 by the mechanical properties of intact rock matrix and mechanical and geometrical 38 characteristics of rock joint systems, such as the orientations of the joint sets and direction of 39 the shear loading. Different geometrical characteristics will induce different failure 40 mechanisms of rock masses during shear processes, resulting in different shear behavior [6] . 41 Since in-situ tests are expensive, laboratory tests are typically conducted to give insight into laboratory test models were carried out, taking into account the influence of loading 82 conditions (lateral restraint stress and initial normal stress) and the geometrical characteristics 83 of the rock joints (dip angle and spacing), in order to investigate the anisotropic shear 84 behavior of closely jointed rock masses. The mechanical properties of the in-situ intact rock 85 and rock joints, and the artificial rock materials and joints for laboratory tests were measured 86 through a well-planed laboratory testing procedure, which were then adopted in the numerical 87 simulations of the shear tests using a DEM. The influence of the orientation of continuous 
SETUP OF IN-SITU AND LABORATORY SHEAR TESTS 93

Characteristics of the prototype rock mass
94
The site for the in-situ shear tests is located on Kyushu Island, Japan (a possible site for a 95 foundation of a nuclear power plant). The rock mass in this site is constituted by Mesozoic 96 clay slate, sandstone, and conglomerate, covered by a shallow layer of Cenozoic igneous rock. 97 The rock mass is slightly weathered, and closely jointed by three sets of rock joints. The To reproduce the stress state and boundary conditions of the rock mass subjected to the 149 in-situ shear test, 1/3 down-scaled physical test models were established by using a laboratory 150 direct shear testing apparatus, as shown in Fig. 4 . A series of shear tests were conducted by 151 using this apparatus and some results have been reported in [18] , [19] , which were also Tables 1 and 2, respectively.   178 These properties were estimated using the same methods for determining the properties of   179   natural rocks at locations A and B (also shown in Tables 1 and 2 Besides these, identical numerical treatments were applied to both kinds of numerical models 237 during the modeling as follows.
238
The loading block was treated as a rigid body, and normal and shear stresses were applied showed an overestimated intact rock strength by numerical simulations that adopted the 287 measured mechanical properties using small-sized intact rock samples. As a heterogeneous 288 material in reality, there are always defects existing in the intact rock matrices, which may 289 lead to reduction of the strength and elastic modulus of rock matrices. In laboratory tests, this 290 phenomenon can, in some degrees, be avoided using artificial rock mass models. This issue 291 will be discussed further in the simulations of laboratory tests.
292
Randomly generated rock joints were introduced into model 17 (see shear stress increased, more cracks were generated underneath the loading block (Fig. 9c) , 358 which connected with the pre-existing rock joints, forming a failure plane on which the upper 359 structure could slide after failure (Fig. 9d) . In the case of E-3-1, sub-horizontal cracks initiated (Figs. 8a & c) , thus producing abundant dilation 375 (Fig. 8d) . The numerical code used in this study only takes into account the plastic flow of 376 intact rock after failure without cracking process, which may also contribute to the differences 377 observed between the test and simulation results. As presented in Table 3 , comparisons of cases E-2-1, E-2-6 & E-2-7, and cases E-3-1, 
Simulation cases and results
454
Last chapter was focused on the closely jointed rock mass models with large dip angles 
467
The simulation results of all cases at failure are presented in Table 4 , and the shear reaching the ultimate failure directly after the appearance of yielding point (see Fig. 13a ), 472 exhibiting typical failure behavior of brittle materials. The shear stresses of the cases with 473 negative dip angles (see Fig. 13c ) also increase in a linear manner with the increase of shear 474 displacement until the yielding points, followed by a short strain-softening stage to reach the 475 ultimate failure. For the cases with positive dip angles, the yielding points appear at the early 476 stage of the whole shear processes, for instance, at 0.4 mm for θ=30º and at 7 mm for θ=70º, 477 followed by a long gradual yielding stage until the ultimate failure occurred (see Fig. 13a ). Table 3 ). 493 The failure mechanisms of the models with dip angles of the joints of Set 1 of ±70º has 494 been thoroughly investigated and discussed in the last chapter by analyzing the forces acting 495 on the joints of Set 1 in the models (see Fig. 11 The numerical simulations of in-situ shear tests, however, slightly overestimated the shear 585 strength, due mainly to the fact that comparing to the numerical models that adopted the 586 mechanical properties measured on small-sized intact rock samples, the natural rock masses 587 may contain various defects in the rock block matrices beside the rock joints, which could 
